17␣,20␤-Dihydroxy-4-pregnen-3-one is the major oocyte maturation-inducing hormone of several teleost species. Gonadotropin-induced increase in ovarian 20␤-hydroxysteroid dehydrogenase activity is essential for the synthesis of maturationinducing hormone. Cloning and expression studies suggest that ayu (Plecoglossus altivelis) ovarian carbonyl reductase can function as 20␤-hydroxysteroid dehydrogenase. The amino acid sequence deduced from the isolated cDNA had 276 amino acid residues and shared approximately 60% homology with mammalian and teleostean carbonyl reductases. The sequence data search showed that the ayu cDNA clone belongs to the shortchain dehydrogenase/reductase family. The clear lysate prepared from Escherichia coli harboring the cDNA catalyzed the production of maturation-inducing hormone. Its identification was confirmed by two-dimensional, thin-layer chromatography followed by recrystallization. Purification of the E. coli-expressed cDNA product revealed that it possessed both carbonyl reductase and steroid dehydrogenase activities, and 17␣-hydroxyprogesterone, the endogenous immediate precursor of maturationinducing hormone, was one of the preferred substrates. Furthermore, Northern blot analysis denoted that the transcripts are present both in fully grown, immature ovarian follicles and at higher levels in mature ovarian follicles. These results demonstrate that the carbonyl reductase of ayu ovary is involved in the production of maturation-inducing hormone, and they provide evidence for a novel physiological role of this enzyme in the final maturation of oocytes. Based on its functional properties, the enzyme can be referred to as carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase.
INTRODUCTION
In lower vertebrates, postvitellogenic oocytes undergo the process of final meiotic maturation to accomplish fertilizable status. This process is induced by maturation-inducing hormone (MIH) secreted from ovarian follicle layers of surrounding oocytes under the influence of gonadotropin [1] . In several teleost species, the steroid 17␣,20␤-dihydroxy-4-pregnen-3-one (17␣,20␤-DP) has been identified as the MIH, and it can induce maturation of isolated oocytes in vitro [1] . 20␤-Hydroxysteroid dehydrogenase activity in ovarian follicle layers is responsible for the production of MIH from a precursor steroid, 17␣-hydroxyprogesterone [1, 2] .
Although the physiological relevance is not known, high 20␤-hydroxysteroid dehydrogenase activity has been reported in neonatal pig testis [3] . Surprisingly, the purification and cloning of its cDNA revealed that 20␤-hydroxysteroid dehydrogenase shows high similarity to monomeric carbonyl reductase from human and rat [4] [5] [6] [7] . Carbonyl reductase is an oxidoreductase with wide substrate specificity for carbonyl compounds, requires NADPH as a cofactor [8] [9] [10] , and is distributed in many tissues [11] [12] [13] . A more recent report [14] indicated that, in rat, liver microsomal carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase has similarity with acetohexamide reductase based on the requirement of NADPH as a cofactor. This further supports the idea that all these enzymes belong to the same family of oxidoreductase or short-chain dehydrogenase superfamily and may be involved in the metabolism of steroids or carbonyl compounds depending on the tissue requirement and localization [14] . Carbonyl reductase has been implicated as serving a housekeeping function to eliminate reactive carbonyl compounds. In addition to metabolism of the xenobiotics, the enzyme also catalyzes the reduction of biologically active compounds, such as prostaglandins and steroid hormones. Recently, two types of carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase cDNAs were cloned from rainbow trout ovary, and one of them was functional in reducing various substrates, including 17␣-hydroxyprogesterone [15] . In the functional form, isoleucine, at the 15th position, plays a crucial role in coenzyme binding and enzyme activity [16] . However, to our knowledge, the physiological function of carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase in the metabolism of any of these endogenous substrates remains to be elucidated. Maturation of fully grown oocytes of a teleost fish, the ayu (Plecoglossus altivelis), is initiated by a surge of 17␣,20␤-DP from ovarian follicle layers [17] . Taking advantage of this temporally discrete and massive production of MIH just before oocyte maturation, we extracted RNA from follicle layers and cloned carbonyl reductase cDNA; we hypothesized that carbonyl reductase is involved in the production of MIH. Here, we describe that ayu carbonyl reductase has 20␤-hydroxysteroid dehydrogenase activity and that the transcripts, which are present in fully grown, immature ovarian follicles, increase substantially in follicles of mature oocytes. These results suggest that one of the physiological functions of carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase is to catalyze the production of MIH in teleost ovary during meiotic maturation.
MATERIALS AND METHODS

Construction of Ayu Ovarian Follicle cDNA Library
Ayu ovaries containing mature oocytes were obtained from Ueda Station, National Institute of Fisheries Science, Japan. Ovarian follicle layers were prepared as described previously [18] . Total RNA was extracted from the ovarian follicle layers, followed by purification of poly(A) ϩ RNA using a PolyATract mRNA isolation kit (Promega, Madison, WI). The cDNA was synthesized from the poly(A) ϩ RNA using a ZAP cDNA synthesis kit (Stratagene, La Jolla, CA) and was packaged into Uni-ZAP XR vector using Gigapack II Gold packaging extract (Stratagene).
Isolation and Sequencing of Ayu Carbonyl Reductase cDNA
The PstI/BstYI fragment of pig 20␤-hydroxysteroid dehydrogenase cDNA, which had been subcloned in M13 vector (M13/42125) [4] , was labeled with [␣-32 P]deoxycytidine triphosphate (dCTP) using BcaBEST polymerase (Takara, Tokyo, Japan) and was used to screen the ayu cDNA library under the following conditions. The hybridization was performed in a solution containing 5ϫ SSC (0.75 M NaCl and 0.075 M sodium citrate), 5ϫ Denhardt solution (0.1% [w/v] polyvinylpyrrolidone, 0.1% [w/v] bovine serum albumin, and 0.1% [w/v] Ficoll), 35% (w/v) formamide, 10% (w/v) dextran sulfate, 100 g/ml of herring sperm DNA, and 0.2% (w/v) SDS at 47ЊC. The filters were washed with 1ϫ SSC solution containing 0.1% (w/v) SDS at 47ЊC. pBluescript SK vectors harboring cDNA inserts (222b1 and s1111) were generated from isolated positive plaques by in vivo excision according to the protocol of the supplier (Stratagene). Deletion mutants were made from 222b1 and s1111 and subsequently subjected to DNA sequencing as described previously [4] . The sequence was confirmed from both directions. The sequence data discussed in this study have been submitted to GenBank, and the accession number is D82967.
Detection of 20␤-Hydroxysteroid Dehydrogenase Activity in Transformed Escherichia coli, and Identification of Steroid Metabolites
Expression vector, pET15b (Novagen, Inc., Madison, WI) harboring the EcoRI/KpnI s1111 cDNA fragment at the NcoI site (s1111/pET15b) was transformed into BL21 E. coli strain. The transformant (PETS1111) was cultured in 20 ml of Luria-Bertoni (LB) medium for 2 h, and the cDNA product was induced by addition of isopropyl-␤-D(Ϫ)-thiogalactopyranoside (IPTG; final concentration, 1 mM). After an additional 2-h incubation, PETS1111 was harvested by centrifugation at 1500 ϫ g; resuspended in 5 ml of the solution containing either 20 mM Tris-HCl (pH 8.0) and 1 mM EDTA or 3 mM potassium phosphate buffer (pH 7.4), 0.2 mM EDTA, 100 M PMSF, and 1 M pepstatin; and then disrupted by sonication. Clear lysate was obtained by centrifugation at 105 000 ϫ g for 1 h. Five hundred microliters of the clear lysate were incubated at 28ЊC with 9 ϫ 10 6 cpm of [1,2,6,7-3 H]17␣-hydroxyprogesterone (3.44 TBq/ mmol; Amersham, Buckinghamshire, England) in the presence of 0.1 mM NADPH. The steroid metabolites were extracted with diethyl ether, separated on a high-performance thin-layer chromatography (TLC) plate (Merck, Whitehouse Station, NJ) using a benzene:acetone (4:1 [w/v]) solvent system followed by cyclohexane:ethyl acetate (1:1 [w/v]), and exposed onto Hyperfilm (Amersham). The spot, which comigrated with cold standard 17␣,20␤-DP, was extracted with ethanol and chloroform and further identified by recrystallization [19] .
Purification of IPTG-Induced cDNA Product
Clear lysate of the PETS1111 clone was prepared from 250 ml of LB medium as described above and dialyzed against 3 mM potassium phosphate buffer (pH 7.4) containing 0.1 mM EDTA and 0.1 mM dithiothreitol (DTT). The dialyzed lysate was applied to a DE-52 cellulose column (1.8 ϫ 40 cm). The absorbed proteins were eluted by a linear gradient of 3-100 mM potassium phosphate buffer containing 0.1 mM EDTA and 0.1 mM DTT, and 13-ml fractions were collected. Twenty-five microliters of each fraction were assayed for enzymatic activity. The carbonyl reductase/ 20␤-hydroxysteroid dehydrogenase activity of each fraction was measured by monitoring the oxidation of NADPH at 340 nm in the presence of 1 mM 4-nitrobenzaldehyde at 25ЊC. The fraction containing carbonyl reductase/20␤-hydroxysteroid dehydrogenase activity was kept frozen at Ϫ70ЊC.
Substrate Specificity of Ayu Carbonyl Reductase-Like 20␤-Hydroxysteroid Dehydrogenase
Substrate specificity was examined under conditions described previously [4, 8] . Purified ayu carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase (18.9-151 g) was used to determine substrate specificity using the substrates shown in Table 1 . The enzymatic activity was measured by the decrease in absorbance at 340 nm in the presence of 0.08 mM NADPH at 25ЊC. 
Northern Blot Analysis
Ovarian follicle layers were prepared from ayu ovaries containing mature follicles or fully grown, immature follicles. Total RNA was prepared from the ovarian follicle layers, liver, and brain. Twenty micrograms of total RNA were electrophoresed in a formaldehyde denaturing gel [20] and blotted onto Nylon membrane (Hybond N ϩ ; Amersham). The KpnI/ SacI fragment of s1111 cDNA was labeled with [␣-32 P]dCTP and used as the ayu carbonyl reductase probe. Northern blot hybridization was performed under the following conditions: 5ϫ SSC, 5ϫ Denhardt solution, 0.1% SDS, 100 g/ml of herring sperm DNA, and 10% dextran sulfate at 60ЊC. The membrane was washed with 1ϫSSC containing 0.1% SDS at 60ЊC. The same membrane was rehybridized with a teleost fish, the medaka (Oryzias latipes), actin probe after removal of the carbonyl reductase probe by boiling the membrane in a solution of 0.1ϫ SSC and 0.1% SDS. The actin DNA template was labeled by polymerase chain reaction (PCR) with [␣-32 P]dCTP using the primers ACACCTTCTACAATGAGCT and CCGTCAGGATCTTCATGAGG.
RESULTS
Isolation of Ayu Carbonyl Reductase-Like 20␤-Hydroxysteroid Dehydrogenase cDNA
Because we expected carbonyl reductase to be present in ayu ovarian follicle layers surrounding mature oocytes, a cDNA library was constructed from ovarian follicle poly(A) ϩ RNA. A pig cDNA fragment having high homology with members of the short-chain alcohol dehydrogenase superfamily was used to screen the cDNA library. After three rounds of screening, one phage, designated as 20␤ayu222b1, was isolated. However, the 5Ј portion of the coding region in the 1381-base pair (bp) insert showed no homology with previously reported pig and human carbonyl reductase cDNA sequences. The PCR with primers at the 5Ј nonhomologous portion and the 3Ј homologous portion using ayu cDNAs did not amplify any DNA fragment from ayu ovarian cDNA, suggesting that the 5Ј portion of 20␤ayu222b1 was an artifact. Therefore, we rescreened the cDNA library using the conserved region (XhoI/PstI fragment) of 20␤ayu222b1 as a probe. Three phages were isolated, and the phage (s1111) with the longest insert (1. (Fig. 1) .
A Blast sequence similarity search was performed against the GenBank database. The sequences identified by the search exhibiting the most significant similarity to the s1111 sequence were pig, trout, rat, rabbit, and human carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase (Fig. 2) . Ayu carbonyl reductase shared 60%, 60%, 61%, 63%, and 64% amino acid identity with pig, trout, rabbit, human, and rat carbonyl reductases, respectively, whereas 80-85% homology was found among mammalian carbonyl reductase sequences. The alignment revealed six different domains showing more than 70% local homology in the stretch of 13 or more amino acids among the species (Fig.  2) .
20␤-Hydroxysteroid Dehydrogenase Activity of IPTG-Induced s1111 Product from E. coli
To demonstrate that s1111 cDNA encodes a polypeptide with 20␤-hydroxysteroid dehydrogenase activity, s1111 cDNA was cloned into the prokaryotic expression vector, pET15b. After induction with IPTG, clear lysate was recovered by centrifugation following sonication of E. coli harboring s1111/pET15b (PETS1111). The clear lysate was incubated for 18 h with 3 H-labeled 17␣-hydroxyprogesterone in the presence of NADPH, and metabolites were analyzed by two-dimensional, high-performance TLC with cold standard steroid markers after extraction. The steroids/ metabolites were extracted with diethyl ether, evaporated, and dissolved in ethanol. The ethanol was applied onto high-performance TLC plates and analyzed first with a benzene:acetone solvent system (vertical axis) and then with a cyclohexane:ethyl acetate solvent system (horizontal axis). One spot, which was observed only in the IPTG-induced lysate, comigrated with authentic 17␣,20␤-DP (Fig. 3) , indicating that this spot is very likely to be 17␣,20␤-DP generated by 20␤-hydroxysteroid dehydrogenase activity. To further confirm that the metabolite was 17␣,20␤-DP, recrystallization was performed by extracting the spot from the plate (before crystallization, 9172 cpm/mg; first crystallization, 7866 cpm/mg; second crystallization, 8416 cpm/ mg; third crystallization, 8044 cpm/mg). The extract was crystallized in the three different solvent systems with the same extraction ratio as that for cold 17␣,20␤-DP. This clearly indicates that 17␣,20␤-DP was produced from 17␣-hydroxyprogesterone by 20␤-hydroxysteroid dehydrogenase activity of ayu carbonyl reductase-like cDNA, s1111. FIG. 2 . Alignment of amino acid sequences of carbonyl reductase/20␤-hydroxysteroid dehydrogenase. Regions of homology are shaded among the nine sequences. References for sequences: trout [15] , pig [4] , rat [25, 35] , rabbit [26] , and human [5, 6] . 
Purification of IPTG-Induced s1111 Product from Clear Lysate
Because E. coli has endogenous enzymatic activities that may interfere with the measurement of carbonyl reductase activity, we purified the s1111 cDNA product from IPTGtreated E. coli. The clear lysate was applied to a DE-52 column and fractionated. Carbonyl reductase activity in each fraction was monitored by the decrease in absorbance of NADPH at 340 nm in the presence of 4-nitrobenzaldehyde (Fig. 4A) . Three peaks of enzymatic activity were identified. Fractions 23-26, 29-32, and 66-70 were pooled and designated as fractions I, II, and III, respectively. The results of SDS-PAGE showed that fractions I and II were purified to homogeneity with molecular masses of 32 and 30.5 kDa, respectively (Fig. 4B) , whereas several bands were observed in fraction III. Because the first two peaks of activity (fractions I and II) were not detected in clear lysate from noninduced E. coli, and because the last peak (fraction III) was consistently observed in both preparations of the clear lysate, the latter is very likely to be derived from endogenous activity of E. coli. Amino acid sequencing revealed that the 30.5-kDa band consists of an amino acid sequence starting with a serine residue just one amino acid downstream from the putative initiation codon of s1111 cDNA. The partial sequence perfectly matches the deduced amino acid sequence from s1111 cDNA. The 32-kDa band (fraction I) was found to be a protein fused with a seven-amino-acid vector sequence (data not shown). Therefore, we used fraction II for subsequent measurement of carbonyl reductase/20␤-hydroxysteroid dehydrogenase activity.
Carbonyl Reductase-Like 20␤-Hydroxysteroid Dehydrogenase Activity of s1111 cDNA Product Carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase activity was examined by measuring the decrease in absorbance at 340 nm in the presence of NADPH. Table 1 shows the specific activity of ayu carbonyl reductase. 9,10-Phenanthrenequinone was the best substrate for ayu carbonyl reductase, followed by cyclohexanone and 4-nitro -FIG. 4. A) Purification of ayu carbonyl reductase expressed in E. coli by DE-52 ion-exchange column chromatography (᭡). Closed diamonds (ࡗ) show the absorbance of each fraction at 280 nm. B) Fractions I (no. [23] [24] [25] [26] , II (no. [29] [30] [31] [32] , and III (no. 66-70) were separated by 10% SDS-PAGE gel and stained with Coomassie brilliant blue R-250 to indicate the presence of purified product. Ⅲ, Conductivity.
FIG. 5. Northern blot analysis of ayu carbonyl reductase transcripts. A)
Total RNA was extracted from ayu liver (L), brain (B), fully grown but not matured ovarian follicles (OV), and matured ovarian follicles (OM). B) Change in the relative amount of ayu carbonyl reductase transcripts to actin transcripts during the course of maturation. The membrane used for detection of carbonyl reductase transcripts was rehybridized with the actin probe. The intensity of the positive band was measured using a Fuji Bioimage analyzer (Fuji Photo Co. Ltd., Tokyo, Japan). The amount of ayu carbonyl reductase was normalized against the amount of actin transcripts and is shown as arbitrary units.
benzaldehyde. A very high concentration (1 mM) of prostaglandin (PG) E 1 and PGE 2 could also be utilized as substrates. Ayu carbonyl reductase more preferentially reduced 5␣-and 5␤-dihydroxytestosterone compared to pig and human carbonyl reductase, whereas the enzyme did not reduce testosterone. The specific activity of ayu carbonyl reductase for 17␣-hydroxyprogesterone, the immediate precursor of 17␣,20␤-DP, was as high as that of pig, indicating that 17␣-hydroxyprogesterone may serve as a good substrate for ayu carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase. To confirm that the s1111 product catalyzes the reduction of the C 20 -oxo-position in 17␣-hydroxyprogesterone, the metabolites of 17␣-hydroxyprogesterone were analyzed by TLC. The resultant metabolite comigrated with authentic 17␣,20␤-DP (data not shown). All these results demonstrate that the s1111 product functions not only as 20␤-hydroxysteroid dehydrogenase but also as carbonyl reductase.
Northern Blot Analysis
Northern blot hybridization was performed to determine whether the amount of carbonyl reductase transcripts changes during the course of final maturation of ayu oocytes. A single band, which was estimated to be 1.4 kb long (Fig. 5A) , was detected. Transcripts were also found in brain, as reported previously [8] . Although barely detectable in liver, expression was confirmed by reverse transcription-PCR (data not shown). When the level of transcripts were normalized against the level of actin transcripts, the increase of the transcripts during maturation becomes more apparent. Mature follicles expressed 1.6-fold more transcript compared with fully grown, immature follicles (Fig. 5B) . Northern blot analysis was repeated with tissues from four different individuals and found 1.6-, 1.8-, 3.2-, and 3.5-fold increases.
DISCUSSION
The physiological function of 20␤-hydroxy-C21-steroids has been well characterized in teleost fish [1, [21] [22] [23] , and certain ones, such as 17␣,20␤-DP, have been identified as steroid hormones that induce final maturation of oocytes in ovarian follicles [1, 4] . Plasma levels of 17␣,20␤-DP and the capacity of ovarian follicles to produce 17␣,20␤-DP are elevated during the transition from vitellogenesis to oocyte maturation [1, 22] , concomitant with an increase in pro-duction of the endogenous precursor, 17␣-hydroxyprogesterone [1] . Furthermore, addition of 17␣-hydroxyprogesterone and forskolin to isolated granulosa cells results in enhanced 17␣,20␤-DP production, which is associated with a dramatic increase in 20␤-hydroxysteroid dehydrogenase activity [1, 22] . These physiological observations correlate very well with the results of Northern blot analysis that show a marked increase in carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase transcripts during final maturation of ayu oocytes. In accordance with our findings, a recent report by Espey et al. [24] demonstrated a temporal pattern of expression of ovarian carbonyl reductase in rat after the induction of ovulation, suggesting that expression of ovarian carbonyl reductase activity is related to the ovulatory process [24, 25] . More recently, Espey et al. [26] have also reported the expression of another carbonyl reductase-like enzyme, 3␣-hydroxysteroid dehydrogenase, in immature rat ovary and have indicated its role in ovulation. These reports, together with the present study, strengthen the role of carbonyl reductase-like, 20␤-hydroxysteroid dehydrogenases in the preparation of final oocyte maturation and ovulation processes in vertebrates.
In addition to human carbonyl reductase, the nucleotide sequences of carbonyl reductase cDNA from rat testis [27] and rabbit liver [28] have been reported. Rat carbonyl reductase shows only 64% positional identity with ayu carbonyl reductase at the amino acid level. However, a putative cofactor-binding site around region I (Fig. 2) is well conserved between species at 75% amino acid homology [29] , and 77% homology is found in an extraloop of 13 amino acid residues (region V), which may affect the substrate pocket [30] . Moreover, a long stretch of conserved region VI (79% homology) and of regions IV and V (71% and 77% homology, respectively) characterize the carbonyl reductase family, whereas characteristics of the short-chain alcohol dehydrogenase superfamily are also found in region II (87% homology). The motif Tyr-X-X-X-Lys, which is regarded as being the active site for a nucleophilic attack on the substrate, is found from positions 193 to 197 [31] . These local, high homologies suggest that ayu carbonyl reductase simply represents a species-specific form of rat and human carbonyl reductases.
However, ayu carbonyl reductase shows more preference for steroid hormones, such as 17␣-hydroxyprogesterone and 5␣/␤-dihydroxytestosterone, than for prostaglandins. Ayu carbonyl reductase cannot utilize 0.1 mM prostaglandins (PGE 1 and PGE 2 ), whereas, in contrast, the K m of rat carbonyl reductase for prostaglandins is 0.05-0.1 mM [32, 33] . The substrate preference of ayu carbonyl reductase for 17␣-hydroxyprogesterone is as high as that previously reported for the neonatal pig enzyme (K m ϭ 9.42 M) [34] , which suggests that ayu carbonyl reductase is involved more in the metabolism of steroids rather than of prostaglandins. As Wermuth et al. [27] pointed out, two types of carbonyl reductases may exist on the basis of substrate specificity. One isozyme, present in pig neonatal testis, ayu ovary, and probably rat ovary, exhibits a high selectivity for steroids, whereas the other has low selectivity for steroids and predominates in rat testis and human brain. Nevertheless, all these oxidoreductases require NADPH as a cofactor [14] .
Indeed, the change in rat ovarian carbonyl reductase during the estrous cycle shares some characteristics with the change in 20␤-hydroxysteroid dehydrogenase activity in the teleost ovary. The content of rat carbonyl reductase in the proestrous ovary increases approximately twofold over that in the diestrous ovary [35] , and hCG causes an estrogen-mediated induction of rat carbonyl reductase [36] . Two carbonyl reductase cDNAs were isolated from rat ovary, but only one was rapidly and strongly induced by eCG [37] . Interestingly, two types of carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase have been isolated from rainbow trout ovary, one of which possesses the enzymatic activity [15] . Results of subsequent studies warranted that the presence of isoleucine at the 15th position in one of the enzymes is responsible for cofactor binding and enzymatic activity [16] . In fact, ayu carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase showed high homology to its inducible (active form) counterpart in rainbow trout. In most teleost fish, intracellular cAMP levels in ovarian follicle layers correlate with the stimulation of steroidogenesis and elevation of intracellular cAMP by hCG, and forskolin or salmon gonadotropin (GTH) results in increased 20␤-hydroxysteroid dehydrogenase activity [1, 2, 22] . The dramatic increase of 20␤-hydroxysteroid dehydrogenase enzyme activity induced by GTH/hCG in isolated ovarian follicles of teleosts [1, 2] is inhibited by actinomycin D, suggesting that 20␤-hydroxysteroid dehydrogenase is transcriptionally regulated [1] . These results tend to indicate that the carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase in the ayu ovary is probably under the transcriptional control of the pituitary-gonadal axis via GTH. Further studies are required to confirm this phenomenon. The involvement and regulation of carbonyl reductase in the estrous/ovarian cycle may have been developed phylogenetically from the origin of lower vertebrates.
Several lines of evidence (localization in ovary, enzymatic characteristics, and increase in transcripts with oocyte maturation) suggest that ayu carbonyl reductase functions as 20␤-hydroxysteroid dehydrogenase in the production of MIH, although the involvement of other types of 20␤-hydroxysteroid dehydrogenase in oocyte maturation cannot be ruled out. Nevertheless, existing knowledge confirms that ayu ovary carbonyl reductase is the carbonyl reductase-like 20␤-hydroxysteroid dehydrogenase of the species. The temporal expression and regulation patterns of 20␤-hydroxysteroid dehydrogenase during the entire process of sexual maturation are worthy of further analysis.
